Fatigue tests under reversed flexure have been conducted on samples of 7075-T6 Al-alloy with the application of electroless Ni-P deposits of thickness ranging from 5 to 50 mm after salt spray corrosion (100, 500 and 1000 hours). The corrosion damage of the coated and uncoated samples was determined through the measurement of the mass loss and surface corroded morphology. The mean microhardness of the high phosphorous (Hi-P) deposits in 5, 25 and 50 mm thickness were found to be 334, 457 and 606 Hv 50 , and the mean surface roughness (Ra) were measured at 0.197, 0.217 and 0.223 mm for 5, 25 and 50 mm thickness, respectively. The salt spray tests revealed that the corrosion damage increases as the exposure time increases for the 5 mm coating. The corrosion damage literally stopped when the coating thickness was increased to 25 mm. The fatigue strength of the coated samples was found decrease slightly as the deposit thickness increases to 25 mm, whereas the reduction on the fatigue strength for the 50 mm deposit is significant. It has been observed that the reduction in the fatigue strength is less or to none for the thicker coating system. For the 5 mm Hi-P deposit sample, the fatigue crack initiation started at the surface corrosion pitting then extending to the substrate and onto failure, this phenomenon reduced the fatigue strength as compared to the uncoated samples. The fatigue strength is decreased slightly as the thickness increases to 25 mm and 50 mm. With or without corrosion damage, the fatigue crack initiation all started from the coating and extended to the substrate through the bonding between the coating and the substrate. Balancing between the need for the corrosion resistance and the fact on the fatigue strength reduction, the optimum coating thickness seems to be greater than 5 mm but less than 25 mm for the aerospace alloy 7075-T6 Al-alloy.
Introduction
The pronounced reduction of fatigue strength caused by salt pitting corrosion or corrosion fatigue in a marine environment is well established for both steel and Al-alloy materials. [1] [2] [3] [4] Fatigue crack initiatory sites commonly occurred in corrosion pitting area in the Al-alloys widely used for structural components of aircraft. Pit arose from the intergranular corrosion to a depth depends upon the service environment and the time of exposure, i.e., service conditions of the aircraft. According to Agarawala's report, 5) the worldwide annual expenditure for corrosion inspection and repair of military aircraft alone is estimated to exceed one billion US dollars. Currently, more military and civilian aircrafts are expected to exceed a 20-year service life by the years to come. Thus, a means of mitigating corrosion and corrosion-related fatigue damage is very significant and needed for obtaining the destination.
Electroless Ni-P (EN) deposits have a wide field of application, particularly in the industrial components and machine parts. However, it is offered in some literatures [6] [7] [8] that electroless coatings may give rise to a reduction in the fatigue properties of the substrate depending on the residual stresses induced by the deposit. In relation to EN coatings, it has also been reported [9] [10] [11] [12] that the fatigue properties of steels can be deteriorated if such coatings have less than 10% P contents will induce tensile residual stresses in the deposits. On the contrary, if these deposits contain higher P contents will induce compressive residual stresses. Some studies [13] [14] [15] have reported that there is an increase in the fatigue life of steels coated with EN deposits of 12% P without post-heat treatment (PHT). PHT commonly applied to EN deposits produces significant increases in hardness, which contributes to improve the wear resistance of the coated parts and components. The PHT, however, can also have a harmful effect on the fatigue properties of such parts. It has been found 6, 9, 12, 13, 16) that can give rise to decrease the fatigue life of steels possibly as a consequence of precipitation of Ni 3 P particles, which are believed to induce tensile residual stresses in the deposits. According to these researches, EN deposits containing different P contents may give rise to a decrease or increase in the fatigue life of the substrate. Therefore, it is interested for this study to further explore the effects of the EN coating thickness and P contents on the corrosion and fatigue behaviors, particularly through the salt spray test, of 7075-T6 Al-alloy without PHT to the deposit.
Experimental Procedures
In this experiment, commercial plate of 7075-T6 Al-alloy was used as the substrate and chemical composition of the material is given in Table 1 . Specimen for fatigue tests was machined according to ASTM E466 specification 17) with a gauge diameter of 8 mm and a gauge length of 25 mm. The procedure for generating the S-N data common used the rotating bending test. Fatigue tests were carried out under stress-controlled conditions in ambient temperature and operated at a frequency of 2000 rpm. The stress ratio is a constant value (R ¼ À1). The largest stress amplitude of 240 MPa was determined from the yield stress (average 480 MPa) obtained from tensile test. The term fatigue strength is used to specify a stress amplitude value from an S-N curve at a particular life of interest. Hence, the fatigue strength at 1:0 Â 10 7 cycles is simply the stress amplitude corresponding to N f ¼ 10 7 . There are four conditions in the investigation, namely, un-coated specimen and the EN coating specimens of 5 mm, 25 mm and 50 mm in thickness, respectively. The fatigue behaviors of EN coating specimens were compared with uncoated specimen after 3 various time intervals of salt spray tests. In addition, according to ASTM E8M standard, 18) the specimen of tensile test was machined to have a gauge square 6 Â 6 mm 2 and a gauge length of 32 mm. Three tests were done at a constant strain-rate of 1 Â 10 À3 s À1 , and averaged to represent the tensile properties of the specimens in each condition. Also, some complementary samples were prepared for the evaluation of the EN coatings in micro-hardness, adhesion, surface roughness, thickness and chemical composition.
Before EN coating, the pre-coating specimens were ground with grit size 600-1200 SiC paper. Subsequently, all the specimens were mechanically polished in order to get the consistent surfaces. The polished specimens were then degreased, rinsed in distilled water, ultrasonically cleaned with alcohol for 10 minutes, rinsed with deionized water, and finally dried in hot air. The chemical composition of the plating bath has been adopted by some reports 19) and consisted of 21 g/L of nickel chloride, 24 g/L of sodium hypophosphite, 30 g/L ammonium chloride and 45 g/L sodium citrate. The deposition of higher phosphorous (Hi-P) content was conducted at a pH value of 4.8 and 361 K (88 C) for maintaining a plating rate of approximately 11 mm/h. Similarly, the deposition of lower phosphorus (Lo-P) content was conducted at a pH value of 5.0 and 361 K for maintaining a plating rate of approximately 18 mm/h. The solution was continuously agitated using a circulating pump. Both the volume and pH of the bath were maintained by adding continuously a solution of 10% KOH. For comparing the effect of P contents on deposit characteristics, it respectively expended 150 min depositing time for the Hi-P and 85 min for the Lo-P to obtain the same thickness deposits of 25 mm. Further, one of the both resulting coatings, possessing the better adhesion, was preferred the base on P contents to deposit the coatings of 5, 25 and 50 mm thickness, respectively, and then evaluated the corrosion and fatigue behaviors of 7075-T6 after salt spray test.
The chemical composition of the resulting deposits was analyzed with a glow discharge spectrometer (GDS, LECO-750). Surface texture of the deposits was analyzed by using an X-ray diffractometer (XRD, Rigaku D/MAX-3A) with Cu K radiation at 40 kV and 20 mA. Microhardness tests were carried out in Akashi Vickers microhardness tester with a load of 50 gf. Five hardness readings were taken and averaged to represent the HV value of the coating hardness. A profilometer Surfacorder Analyzer (model AY-41) was used to measure the surface roughness (Ra value) of the coated and uncoated specimens. Corrosion current (I corr .) obtained from the polarization curve is an experimental potentiostatic anodic polarization. Scanning electron microscopy (SEM, JEOL JSM-5600) was used to observe the surface morphology and thickness of the deposits. Adhesion strength and adhesive failure mechanism were analyzed by using an acoustic emission machine (CSEM Revetest) at a loading rate of 1.67 N/s with a scratch length of 10 mm. Also, a Rockwell-C indenter with a load of 980 N was utilized to analyze and compare the surface adhesion of EN deposits. 20) According to ASTM G85 21) and ASTM B117 standards, 22) a salt spray tester (model GSST-060) was utilized to perform corrosion damage test in this work. The testing conditions mainly consisted of 5 mass% NaCl liquid solution and testing temperature of 308 K (35 C). After salt spray exposure of 100 h, 500 h and 1000 h, respectively, the pre-fatigue specimens were washed with Clark's solution (H 2 Cl+20 g/L Sb 2 O 3 +50 g/L SnCl 2 ) for removing the surface corrosives, and then rinsed with distilled water before drying. Corrosion damage was documented both in terms of the mass loss and the corrosion current. Surface corroded morphology was examined by optical microscopy with low and high magnifications. Pitting distribution was measured at high magnification using SEM after removal of the surface layer of oxide corrosion product with nitric acid.
Results and Discussion

Characteristics of Hi-P and Lo-P Deposits
In this work, the P content of the Hi-P and Lo-P deposits in 25 mm thickness were determined by the profile analysis using GDS, as presented in Fig. 1 and listed in Table 2 . Figure 2 illustrates the XRD patterns of uncoated and EN coated specimens. It has been found that in spite of the different P contents, both structures of the Hi-P and Lo-P deposits were amorphous type in the as-deposited condition. However, the coating properties of Hi-P deposit in hardness, surface roughness, and corrosion resistance are better than those of Lo-P deposit. These measured data are also listed in Table 2 . Figure 3 shows the SEM observance of surface fractured by Rockwell indenter for the Hi-P and Lo-P deposits. It can be seen that the Hi-P deposit showed a smooth and complete punched surface, while the Lo-P deposit had a radial crack marks ridden punched surface. According to the referenced papers, 20, 23) the adhesion strength for the Hi-P indeed is higher than the Lo-P. Furthermore, the adhesion strength and adhesive failure mechanism analysis could be corroborated by means of the acoustic emission patterns along the scratch tracks under an increasing load (0$100 N) and at a load rate of 1.67 N/s with a scratch length of 10 mm, as shown in Fig. 4 , respectively. The Lo-P coating started to have response signal which indicates the existence of a high load induced distorted coating at 0.5 mm into the scratch test, while for the Hi-P coating indicated that only at 1 mm did the scratch track start showing the distorted coating. Comparing the adhesion strength of the Hi-P and Lo-P, not only the surface distortion is less for the Hi-P but also there was no debonding or cracking than the Lo-P. The polarization corrosion test for the Hi-P and Lo-P were showed in Table 2 and Fig. 5 . The corrosion current (I corr .) for the Hi-P and Lo-P coatings was 0.5 and 0.95 mA/cm 2 , respectively. The amorphous contents will be higher in the EN deposit structure when the P content is higher and the corrosion resistance was also better. 24) It was concluded at this point that the Hi-P is superior to the Lo-P in depositing characteristics, thus it was chosen for the further studies. It was found that the deposition time of 30, 150 and 300 minutes for Hi-P specimens produce a depositing thickness approximately of 5, 25, 50 mm, respectively. Table 3 summarizes the mass loss (mg) after the different Effects of Thickness of Electroless Ni-P Deposit on Corrosion Fatigue Damage of 7075-T6 under Salt Spray Atmospherecorrosion time of the salt spray corrosion test for the uncoated and EN coated specimens and the relationship between the mass loss and the corrosion time is depicted in Fig. 6 . For the uncoated material, the corrosion mass loss evidently increased with the increase of the corrosion time. The cause is that the outer surface of the material formed a high density oxidized layer which tends to protect the inner substrate, but it was still corroded to pit by the atmosphere containing Cl À , and continuing pit growth when the corrosion time increases. On the other hand, it indicated that the material with coating 5 mm Hi-P EN deposit started to increase the mass loss until 100-h salt spray corrosion test. The governing factor for the mass loss of 5 mm deposit was attributed to the less dense deposit which was prone to the salt spray corrosion therefore the mass loss was gradually aggravated with the increase of the corrosion time. For the deposits of 25 mm and 50 mm thickness, after the long time (1000-h) corrosion test, having the analogous result that mass loss was negligible for corrosion damage with increasing corrosion time. It revealed that both the coatings were sufficient to protect from corrosion damage under salt spray atmosphere. Figure 7 shows the SEM surface morphology of the specimens through 1000 hours salt spray corrosion. The pictures indicate that the exposed surface of uncoated material obviously showed pitting corrosion distributed throughout the specimen surface (see Fig. 7(a) ). After penetration of the surface, the corrosion crevices and flaking often were observed to progress laterally, thereby delaminating layers of material apparently followed the elongated grain boundaries produced during rolling of the plate. On the other hand, the specimen with the EN coatings produced a different pattern of oxidation after 1000-h salt spray corrosion. As shown in Fig. 7(b) , the coating surface of 5 mm thickness exhibited extensive pitting that extended to the substrate uniformly and masked the orange peel morphology. For the surface in 25 mm coating thickness, the irregular pitting and surface oxidation can be clearly identified, as shown in Fig. 7(c) . In Fig. 7(d) , the coating surface of 50 mm thickness had a few such pits or tended to be minor. However, pits in the Hi-P deposits surfaces after 1000-h salt spray exposure had irregular and interconnecting boundaries. The surface roughness of all the thickness of Hi-P deposits after salt spray corrosion was summarized in Table 4 and Fig. 8 .
Evaluation of corrosion damage
EN is a barrier coating, protecting the substrate by sealing it off from the environment, rather than using sacrificial action. Because of its amorphous nature and passivity, the corrosion resistance of the coating is excellent and, in many environments, superior to that of pure nickel or chromium alloys. 25) This investigation can be concluded that Hi-P deposit can improve the corrosion resistance to the salt spray corrosion, in particular, when the thickness of the deposit was greater than 25 mm. Table 5 and Figs. 9 and 10 present the tensile and hardness tests conducted with the substrate both in the uncoated and coated conditions. All represented tensile data in Table 5 were the averaged value of three tests. As it can be seen, the tensile properties of the material are varied as a result of the change of EN coating thickness. That is, the tensile strength and elongation are observed to decrease marginally as the coating thickness increases. Accordingly, internal stress in EN coatings is primarily a function of coating composition, and high phosphorus (more than 10% P) has a compressive stress. The high level of internal stress in these coatings not only promotes cracking and porosity, but also reduce the ductility of the coatings (as elongation). 25) In these coatings with Hi-P deposit provide high levels of internal stress and tend to crack under tension test condition. Especially, the coating thickness increased that have a greater tendency to crack. Thicker deposits have the effect on the tensile strength. Tensile stress decreases and shifts to a compressive stress with an increasing P content. 8) In relation to the hardness values for the deposits of different thickness represents the mean value of five measurements. According to these results in the as-deposited condition (amorphous), the micro-hardness increased with the increase of the coating thickness, in the range of approximately 330$600 Hv 50 g . The trend reported in the literature for EN coatings in the as-deposited condition (amorphous) which indicates a decrease in hardness as the P content increased. 6, 26) 
Evaluation of tensile properties and micro-hardness
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High cycle fatigue (HCF) strength analysis
Fatigue test specimens were prepared in parallel to the plate rolling direction, which was termed longitudinal (L, rolling direction) specimens. These uncoated and coated specimens were carried out salt spray corrosion of the different time before performing the high cycle fatigue (HCF) test. Table 6 presents the results of HCF tests for the specimens in both the uncoated and coated with 5, 25 and 50 mm Hi-P EN deposits after exposed to 100, 500 and 1000 h salt spray corrosion, respectively.
The S-N curves of HCF specimens with and without 1000-h salt spray corrosion of uncoated 7075-T6 and 5, 25 and 50 mm Hi-P EN deposits are showed in Figs. 11(a) and (b). Fatigue tests were continued for the maximum run-out sustained was 1:0 Â 10 7 cycles nominally if no failure occurred in three data of specimens. The S-N curves for these testing specimens all appear to exhibit the endurance limit, implying infinite life below that stress level. The uncoated (end milled) surface condition produced an apparent endurance limit on the order of 177.8 MPa. After salt spray exposure of 1000-h, HCF strength was reduced to nominally 60 MPa, one-third that of the original specimen before exposure to salt spray. The fractional loss of fatigue life at stress levels above the endurance limit for salt spray exposed specimens increased rapidly with decreasing maximum stress level, reaching an order of magnitude at the 177.8 MPa endurance limit.
As shown in Figs. 11(a) and (b), all the EN deposits were observed to induce a decrease in the fatigue life, which was marked as the depositing thickness increases. For the specimen with 5 mm coating thickness, a fatigue failure occurred at the nominal endurance limit of 79.5 MPa after 1000-h pitting corrosion, half that of the as-deposited specimen without pitting damage. The coated specimens with 25 mm and 50 mm coating thickness after 1000-h salt spray exposure, the result showed that the fatigue strength was degraded only slight less than that of the original deposited specimens without pitting damage. The magnitude of the reduction, however, depends on the composition, heat treatment, coating thickness as well as original fatigue strength of the substrate. Thicker deposits have the greatest effected on fatigue strength. 25) In these tests, the as-deposited conditions were not possible to observe the occurrence of phase changes in the EN deposits to any significant extent, the reduction in fatigue strength produced by EN deposits primarily depended on the coating thickness. Figure 12 summarizes the fatigue strength of the three deposits thickness in relation to the corrosion time. As noted early, the mass loss due to the pitting surface condition after salt spray corrosion was proportional to the fatigue strength reduction. According to fracture mechanics, the HCF strength is then inversely proportional to the roughness of surface and the flaw size. The most likely flaws are pits. Variations of the specimen surface conditions were responsible for effects on HCF strength.
Fractographic analysis
Fatigue fracture surfaces of several specimens tested under different stress conditions after 1000-h salt spray corrosion were analyzed by SEM techniques. Fractographic analysis revealed that the fatigue cracking in the uncoated specimens is believed to initiate at the surface. A typical surface fatigue initiation site is showed in Fig. 13(a) . All salt spray pitted specimen initiations were exclusively from corrosion pits. In this investigation, the fatigue origins generally exhibited from multiple pits. In the specimens with 5 mm thick deposits is believed to initiate at the substrate very close to the substrate-deposit interface as shown in Fig. 13(b) .
In contrast, for the specimens with 25 and 50 mm thick deposits after 1000-h salt spray corrosion, the cracks are believed to initiate in the deposit itself, since after the fracture of the specimens all the deposits appear to be broken as shown in Figs. 13(c) and (d) . In general, it was observed that all the deposits were well adhered to the substrate and independent of their thickness. The fracture surfaces on the deposits were always observed to be brittle, even if the coatings remained in an amorphous condition, which agrees with the previous findings. 12, 27) 
Conclusion
(1) Comparing the Hi-P and Lo-P of EN deposits in 25 mm thickness, the corrosion resistance and adhesion strength were concluded that the Hi-P (15%) deposit is superior to the Lo-P (8%) deposit in this study. (2) After 1000-h salt spray corrosion, the mass loss of 25 mm and 50 mm Hi-P deposits were negligible for corrosion damage, but 5 mm Hi-P deposit showed an increase in the mass loss. The governing factor for the mass loss of 5 mm deposit was attributed to the less dense deposit which was prone to the salt spray corrosion therefore the mass loss increased with increasing the corrosion time. The test indicated that when the coating thickness is above 25 mm, the ability of corrosion resistance is evidently effective. (3) In these coatings with Hi-P EN deposit provide high levels of internal stress and tend to crack under tension test condition. Especially, the coating thickness increased that have a greater tendency to crack. Thicker deposits have a harmful effect on the tensile strength.
Tensile stress decreases and shifts to a compressive stress with an increasing P content. (4) Thicker deposits have the more influence on fatigue strength. The reduction in fatigue strength produced by EN deposits was governed by the coating thickness and the mass loss due to the pitting surface condition after salt spray corrosion. According to fracture mechanics, the HCF strength is then inversely proportional to the roughness of surface and the flaw size. (5) After 1000-h salt spray corrosion, the fatigue cracks in the uncoated specimen initiated at the surface and exclusively from corrosion multiple pits. The specimen coated EN deposit of 5 mm thickness, the fatigue cracks initiated at the substrate very close to the substratedeposit interface. With 25 and 50 mm deposits, the cracks are believed to initiate in the deposit itself, since after the fracture of the specimens all the deposits appear to be broken.
